this medium was about 200 times that produced in a high phosphate medium. By means of column chromatography on diethylaminoethyl cellulose, the phosphatase produced in the high phosphate medium was found to be eluted mainly at fraction e; the phosphatase of the low phosphate medium was separated into fractions a, b, c, and d. Thus, the phosphatase fractions produced in the low phosphate medium were different from those of the high phosphate medium. Since no specific effect on the production of esterases was observed when various phosphate esters were used as substrates, the enzymes of phosphate metabolism appear to be activated by nonspecific phosphate sources.
The effect of phosphate on the production of phosphatases by Aspergillus awamori var. kawachii was studied. In a high phosphate medium, little phosphatase was produced, and the phosphatase activity was predominately for f-glycerophosphate. In a low phosphate medium, the production of phosphatase was increased and activity for glucose-6-phosphate predominated. Medium containing 1 mg of phosphorus per 100 ml was optimal, and the amount of phosphatase produced in this medium was about 200 times that produced in a high phosphate medium. By means of column chromatography on diethylaminoethyl cellulose, the phosphatase produced in the high phosphate medium was found to be eluted mainly at fraction e; the phosphatase of the low phosphate medium was separated into fractions a, b, c, and d. Thus, the phosphatase fractions produced in the low phosphate medium were different from those of the high phosphate medium. Since no specific effect on the production of esterases was observed when various phosphate esters were used as substrates, the enzymes of phosphate metabolism appear to be activated by nonspecific phosphate sources.
Increases in the production of acid phosphatase in inorganic media deficient in phosphate have previously been reported with bakers' yeast (2, 9, 10), and increases in alkaline phosphatase under these conditions have also been obtained with Escherichia coli (3, 4, 11) and Neurospora crassa (6) .
In a preceding paper (8) pertaining to the complete degradation of starches having phosphate groups, such as potato and arrow root starches, we reported a requirement for glucose-6-phosphatase. We have now undertaken a study of the production of phosphatase by Aspergillus awamori var. kawachii.
MATERIALS AND MErHODS
Materials. Glucose-6-phosphate, ,B-glycerophosphate (which is a general substrate for phosphatase), and nucleic acid were commercially obtained from Sigma Chemical Co., St. Louis, Mo., Merck & Co., Inc., Rahway, N.J., and Ishizu Co., Ltd., Osaka, Japan, respectively. Phytic acid was kindly supplied by Toyo-Koatsu Co., Ltd., Tokyo, Japan.
Preparation of exogenous enzyme solution. The filtrate of the fermentation broth was dialyzed in a cellophane bag against running tap water for 3 days at room temperature and against distilled water at 5 C overnight. This dialysate is referred to as the exogenous enzyme solution.
Preparation of endogenous enzyme solution. The mycelial mat obtained after filtration of 100 ml of fermentation broth was washed with distilled water and ground with sea sand in a mortar. The ground mycelium was then suspended in 100 ml of 1% saline solution. This suspension is referred to as the endogenous enzyme solution.
Determination ofphosphatase activity. Phosphatase activity (for glucose-6-phosphate or j3-glycerophosphate) was determined by the method previously described at pH 4.5 (7) . Determination ofphytase activity. The enzyme solution to be tested (0.5 ml) was added to a mixture of 0.75 ml of phytic acid (0.02 M) and 0. Chromatographic fractionation ofphosphatase. The fermentation broth of the medium containing 3 mg of phosphorus per 100 ml was used to prepare the standard enzyme solution, because the growth of the mold in this medium was normal and was more uniform than that in medium containing 1 or 0.5 mg of phosphorus per 100 ml. The endogenous phosphatase was prepared as follows. The mycelial mat from 100 ml of fermentation broth was washed with distilled water and ground with sea sand in a mortar. The ground mycelium was then suspended in 100 ml of 1% saline. This suspension (50 ml) was mixed with 1% sodium lauryl sulfate solution (50 ml) and left for 5 hr at room temperature (pH 6.0) to release the phosphatase adsorbed to the mycelium. The mixture was then centrifuged (1,000 X g, 10 min). The supernatant fluid was dialyzed in a cellophane bag against running tap water at room temperature for 3 days and then against distilled water at 5 C overnight. The precipitate formed during dialysis was removed by filtration, and the filtrate was used as the endogenous enzyme solution.
The exogenous enzyme solution was prepared from the culture filtrate as previously described.
The enzyme solution (15 ml), which was equilibrated with 0.02 M HCa-sodium citrate buffer solution ( El-E, mycelial weight; 0-0, exogenous phosphatase activity for ,3-glycerophosphate; X----X, exogenous phosphatase activity for glucose-6-phosphate; 0----0, endogenous phosphatase activityfor ,-glycerophosphate; X----X, endogenous phosphatase activity for glucose-6-phosphate. O-E, mycelial weight; 0-0, exogenous phosphatase activity for fl-glycerophosphate; X -X, exogenous phosphatase activity for glucose-6-phosphate; 0---0, endogenous phosphatase activity for ,B-glycerophosphate; X----X, endogenous phosphatase activity for glucose-6-phosphate. Organism. A. awamori var. kawachii was used throughout this study.
Fermentation conditions. The medium used contained (g/100 ml of distilled water): maltose, 3.0; NH4COOH, 1.0; MgSO4 7H20, 0.1; NaCl, 0.05; MnSO4-4-6H20, 0.05; ZnSO4-7H2O, 0.01; Fe2(SO4)3, 0.01; KH2PO4, 0.3 (= 68 mg of phosphorus). In the experimental fermentations, the concentration of phosphate ion was lowered by reducing the amount of KH2PO4 while the concentration of potassium ion was kept constant by the addition of KCl. Incubation was at 30 C on reciprocating shaker.
Mycelial weight. The wet weight (grams) of the mycelium was used as an index to the rate of growth of the fungus. The mycelial mat was obtained by filtration of the fermentation broth.
RESULTS
Rate of growth and the production of phosphatase in media containing various amounts of phosphorus. In medium containing 68 mg of phosphorus per 100 ml, the fungus grew normally. . 10 comparable to that in medium with 68 mg of . phosphorus per 100 ml (Fig. 2) :/1:°x tase activity forP-glycerophosphate; X -X, exogenous j phosphatase activity for glucose-6-phosphate; 0--0,a endogenous phosphatase activity for ,3-glycerophos-°,:.
phate; X ---X, endogenous phosphatase activity for a.
--glucose-6-phosphate. f-glycerophosphate as substrate) was produced 0-E, mycelial weight; 0-0, exogenous phospha- (Fig. 1) , and there was more activity for~t ase activity for ,3-glycerophosphate; X-X, exogenous phosphatase activity for glucose-6-phosphate; 0---0, glycerophosphate than for glucose-6-phosphate. endogenous phosphatase activity for j3-glycerophosIn medium containing 10 mg of phosphorus per phate; X---X, endogenous phosphatase activity for 100 ml, the rate of growth and the production of glucose-6-phosphate. in medium containing 68 or 10 mg of phosphorus per 100 ml (Fig. 3) . The activity for glucose-6-phosphate was, in contrast, higher than activity for fj-glycerophosphate. Decreasing the amount of phosphorus in the medium thus resulted not only in an increase in phosphatase production but also in a change in the apparent substrate specificities of the phosphatase.
In medium containing 3 mg of phosphorus per 100 ml, growth of the fungus was slower and the pH rose later in the growth cycle, indicating that autolysis was delayed (Fig. 4) . Phosphatase yields were increased to approximately 1,600 units per ml exogenous, and activity for glucose-6-phosphate predominated.
In medium containing 1 mg of phosphorus per 100 ml, the phosphorus in the medium was essentially depleted by the fungus after the second day and could not be detected. As shown in Fig. 5 , production of phosphatase was greater than in medium containing 3 mg of phosphorus per 100 ml. Maximal production of phosphatase (2,300 units per ml exogenous) was obtained at this concentration of phosphorus, and activity for glucose-6-phosphate predominated.
In medium containing 0.5 mg of phosphorus per 100 ml, mycelial growth was reduced as shown in Fig. 6 , but the rate of production of phosphatase was similar to that in medium containing 3 or 1 mg of phosphorus per 100 ml (2,000 units per ml exogenous). Correlation between the concentration of phosphorus in the medium and the production ofphosphatase. Symbols: 0-0, exogenous phosphatase activity for j3-glycerophosphate; X-X, exogenous phosphatase activity for glucose-6-phosphate; 0----0, endogenous phosphatase activity for j8-glycerophosphate; X ----X; endogenous phosphatase activity for glucose-6-phosphate. Correlation between phosphate concentration and the production of phosphatase. The maximal amount of phosphatase produced was plotted against the concentration of phosphate in the initial medium. For maximal production of phosphatase by this fungus, 1 mg of phosphorus per 100 ml of medium was found most suitable (Fig.  7) . The production of phosphatase was decreased in media containing more than 5 mg of phosphorus per 100 ml, and little growth occurred in media with less than 0.5 mg of phosphorus per 100 ml.
Residual phosphate in fermentation broth.
Residual phosphate was determined throughout the fermentation. In media containing 10 and 5 mg of phosphorus per 100 ml (Fig. 8) , the phosphate was totally bound on the second day and was then released following the production of phosphatase. In media containing 3, 1, and 0.5 mg of phosphorus per 100 ml, no phosphorus was detected in the fermentation broth after the second day. Chromatographic separation of exogenous phosphatase. The filtrate of 6-day fermentation in medium containing 68 mg of phosphorus per 100 ml was chromatographed on DEAE-cellulose, and the main fraction was found to be fraction e with fractions a, b, and d appearing only in trace amounts. The chromatogram is shown in Fig. 9-I .
Chromatography of the filtrate from 4-day fermentation in medium containing 3 mg of phosphorus per 100 ml showed fractions a and b to predominate with fraction c appearing only as a trace (Fig. 9-II) .
In the filtrate from 7-day fermentation in 11 days offermentation in medium containing 3 mg ofphosphorus per 100 ml. Symbols: *----., protein; 0-0, phosphatase activity jor f3-glycerophosphate. medium containing 3 mg of phosphorus per 100 ml, the enzyme was separated into fractions a, b, and c ( Fig. 9-III) . Although fractions a and b predominated, a considerable amount of fraction c was detected.
The filtrate from 11-day fermentation in medium containing 3 mg of phosphorus per 100 ml yielded fractions a, b, and c ( Fig. 9-IV) . Fraction c was more abundant than in the 7-day fermentation broth of the same medium.
Chromatographic separation of endogenous phosphatase. In the filtrate from 6-day fermentation in medium containing 68 mg of phosphorus per 100 ml, fraction e predominated, and there was a considerable amount of fraction c ( Fig.  10-I ). There was only a trace of fraction d. Fractions a and b did not appear.
In the filtrate from 4-day fermentation in medium containing 3 mg of phosphorus per 100 ml, fractions a, b, and c were present (Fig. 10-11 Fig. 10 -III.
In the filtrate from 11-day fermentation broth in medium containing 3 mg of phosphorus per 100 ml, most of the endogenous enzyme had disappeared from the mycelium, and fractions a, b, c, and d were detected in approximately equal amounts in the fermentation broth ( Fig. 10-IV) .
Optimal pH, optimal temperature, and substrate specificity of chromatographic fractions. Enzymatic properties of the fractions obtained from column chromatography were studied. As can be seen in Tables 1, 2 , and 3, these fractions, when eluted with the same buffer, showed comparable enzymatic properties. The specific fractions obtained from both exo-and endogenous enzyme solutions were similar in optimal pH values, optimal temperature, and substrate specificity. This fact may indicate that the endogenous enzyme was released without modification into the fermentation broth.
Effect of the form of phosphate ester upon enzyme production. The production of esterases, such as phosphatase (to hydrolyze glucose-6-phosphate or i-glycerophosphate), phytase, and ribonuclease, was investigated in a low phosphorus medium. Glucose-6-phosphate, phytic acid, ribonucleic acid, and potassium phosphate were used as the source of phosphate. These studies were conducted in media containing these substrates in amounts calculated to give 3 mg of phosphorus per 100 ml. As can be seen in Table 4 , little difference could be found in the yield of enzyme with the various forms of phosphate ester, and the production of each was greatly reduced in a high inorganic phosphate medium.
DIscussIoN
The production of phosphatase by the black koji fungus A. awamori var. kawachii was investigated in both low and high phosphate media. As in the case of bakers' yeast, E. coli, and N. crassa, this fungus produced maximal phosphatase in the low phosphate medium, indicating that the phosphatase of A. awamori var. kawachit might also be a repressible enzyme.
In high phosphate media (68 and 10 mg of phosphorus per 100 ml), the production of phosphatase was low and there was greater activity for 3-glycerophosphate than for glucose-6-phosphate. Substantially greater amounts of phosphatase were produced in media containing less than 5 mg of phosphorus per 100 ml, and there was, in contrast, more activity for glucose-6-phosphate than the ,B-glycerophosphate. Maximal phosphatase was produced in medium with 1 mg of phosphorus per 100 ml, and the yield was about 200 times that obtained in a phosphaterich medium. In medium containing 0.5 mg of phosphorus per 100 ml, relatively little mycelium was formed, and when the phosphorus level was reduced to 0.1 mg per 100 ml, the fungus was unable to grow. These facts suggest that there is a critical point for phosphatase production between 5 and 10 mg per 100 ml of medium and that 0.5 mg of phosphorus per 100 ml may be the minimal concentration for growth under these fermentation conditions.
The production peak of phosphatase, although optimal, was delayed in the low, phosphate medium, and there appears to be a correlation between the amount of phosphate in the medium and the time of autolysis.
It is clear that endogenous phosphatase was produced in the mycelium and was then released into the fermentation broth. Further investigation is required, however, to determine whether the phosphatase is produced in the cytoplasm or at the cell membrane.
The phosphatase that was adsorbed to the mycelium could not be removed by washing with distilled water, but with the addition of sodium lauryl sulfate over 90% of the bound phosphatase was released.
The main fraction of the exogenous phosphatase produced in phosphate-rich medium, as determined by column chromatography on DEAE cellulose, was fraction e. The endogenous phosphatase produced in the same medium consisted of fractions c and e, with e predominating.
In the low phosphate medium, the exogenous enzyme that was produced early in the growth cycle was separated into fractions a and b. The endogenous enzyme at this same time consisted of fractions a, b, and c. Fraction c was not released into the fermentation broth until the 7th day. On the 11th day, almost all of the endogenous enzyme had been released, and fraction d was detected in the fermentation broth. It is possible that the enzyme that was adsorbed to the mycelium was released by autolysis. Fraction e, which was the main fraction produced in the high phosphate medium, was not detected in the low phosphate medium.
The residual phosphate in the medium was investigated in filtrates of fermentation broth that contained 5 and 10 mg of phosphorus per 100 ml. The phosphate was rapidly incorporated into the mycelium in the early phase of the growth cycle and was released into the broth on the 3rd or 4th day.
Investigation of the enzymatic properties of the DEAE cellulose fractions showed comparable properties for each fraction at all phases of the growth cycle. This means that all fractions eluted by the same buffer consisted of proteins with similar electrostatic properties.
The effect of the different forms of phosphate esters upon the production of the corresponding exo-and endogenous esterases was also studied, and no specific effects were observed. The enzymes of phosphate metabolism thus appear to be activated by nonspecific phosphate sources.
